ABSTRACT Twenty-six adult patients, classified by clinical and catheter criteria into groups of those with normal and abnormal left ventricular function, were studied during cardiac catheterization. Right heart pacing was established, and left ventricular dP/dt was measured with end-catheter manometers. By varying the interval preceding a test beat after periods of steady pacing it was confirmed that recovery of left ventricular mechanical function (maximum dP/dt) occurs approximately 800 msec (optimum interval) after a beat. The augmentation of maximum dP/dt of the first 2 beats after an extrasystole, each spaced at the optimum interval, was also studied; the amount of potentiation was varied by alterations in extrasystolic interval. Potentiation decayed from the first to the second postextrasystolic beat with a ratio that was fixed in each individual patient. The ratio (recirculation fraction) was higher in patients with normal than in those with abnormal left ventricular function (mean SD 0.52 0.10 vs 0.37 ± 0.11, p < .005). There was an inverse relationship between this ratio and the degree of potentiation of the first postextrasystolic beat (r = .80, p < .001). We postulate a disturbance of excitation-contraction coupling mechanisms to explain these effects. Circulation 70, No. 5, 799-805, 1984. ACCORDING TO current theories regarding excitation-contraction coupling,' calcium ions that enter the myocardial cells during the action potential and those that are taken up from the contractile apparatus during relaxation of contraction enter an intracellular store. This calcium is released on a subsequent depolarization, and thus some of the released calcium is "recirculated" from the previous beat. We Our first objective in this study was to measure the recirculation fraction in man. Since a disturbance of excitation-contraction coupling, and thus of intracellular calcium handling, might underlie malfunction of cardiac muscle, our second objective was to compare this recirculation fraction in patients with normal and abnormal myocardial function.
ACCORDING TO current theories regarding excitation-contraction coupling,' calcium ions that enter the myocardial cells during the action potential and those that are taken up from the contractile apparatus during relaxation of contraction enter an intracellular store. This calcium is released on a subsequent depolarization, and thus some of the released calcium is "recirculated" from the previous beat. We have shown in animals2 that both the time course of mechanical recovery after a beat (optimum test pulse interval) and the magnitude of this recirculation (recirculation fraction) can be inferred from studies of left ventricular mechanical response during pacing. We have also described the time course of recirculation in man, and shown it to be approximately 800 msec. 3 Our first objective in this study was to measure the recirculation fraction in man. Since a disturbance of excitation-contraction coupling, and thus of intracellular calcium handling, might underlie malfunction of cardiac muscle, our second objective was to compare this recirculation fraction in patients with normal and abnormal myocardial function.
Methods
Patients. Twenty-six subjects were studied during the course of diagnostic cardiac catheterization. The indications for catheterization included breathlessness, chest pain, and arrhythmias. Informed consent was obtained from the subjects before the study, which had been approved by the ethical committees of the respective institutions. Patients were studied while supine and after an overnight fast.
The patients were divided into three groups on the basis of the information presented in table 1 and figure 1 . The first group (A, nine patients) were classified as having "normal" hearts based on the following criteria: pulmonary arterial chest x-ray cardiothoracic ratio less than 0. Determination of recirculation fraction. Steady pacing was established at an interval as near the optimum as was technically feasible. In those patients in whom the optimum interval was not measured, it was assumed to be within the normal range found in our previous study. A premature beat (extrasystole) was then introduced and followed by two test stimuli (DP1 and DP2) (figure 2). Test beat DPI followed the premature beat at the optimum interval and DP2 followed DP1, also at the optimum interval. The potentiation of contractility of the first test beat was varied by adjusting the interval preceding the extrasystole. This stimulation arrangement also ensured that the filling time for each of the beats examined would be equal, minimizing any potential influence of preload on maximum left ventricular dP/dt. In a previous study the influence of left ventricular enddiastolic pressure on maximum left ventricular dP/dt of the steady-state priming beats was shown to be very small. figure 4 . In most of the other patients, comparable numbers of data points could not be obtained, but in 14 of the 15 patients in whom more than 6 points were obtained, significant linear correlations were observed (mean ± SD r = .72 ± . 17). In those patients from whom fewer than 6 data points were obtained, the ratio of ADP, to ADP, was also calculated for individual data pairs. The mean of these values did not differ appreciably from the slope calculated assuming a linear relationship, and the latter result is used for each patient in calculating the data for figure 1 . This slope, which expresses the ratio of ADP, to Z1DP, we call the recirculation fraction. In the patients in group B this fraction was 0.37 0. 11 (SD), significantly lower than the mean value in group A (0.52 0.10, p < .005) and also lower than the value for the patients in group C (0.59 + 0. 11 p < .005). 
Discussion
The results of this study are compatible with the model for excitation-contraction coupling that has been developed in isolated rabbit myocardium5 and intact dogs.2' 9 10 In a previous study in man3 we showed that contractility, as indicated by the maximum left ventricular dP/dt, increased with test pulse interval to reach an optimum at approximately 800 msec. This process, described in the earlier literature on isolated cardiac muscle preparations as "restitution" of contractile function," and considered to represent either the recovery of the contractile potential of the muscle" or the decay of a negative inotropic influence of the previous contraction,'2 is now interpreted as a delay in the handling of calcium ions sequestered during an excitation-contraction-relaxation cycle. Im which it can be fully released to produce another full contraction; the recirculation process takes a finite time for completion. In the present study we confirmed our previous observation,3 and that of others,'3 that in man this time is approximately 800 msec.
That contractility recovers to a plateau after approximately 800 msec carries implications for studies of changes in contractility of individual heart beats. The intervals preceding test beats have to be at or near the plateau, as in the present study, if the effects of the recovery process are not to mask changes in contractility. After extrasystolic intervals shorter than the steadystate pacing interval potentiation of the first postextrasystolic beat (DP1) was invariably produced (figure 3), the degree of potentiation being an inverse function of the interval before the extrasystole and decaying with subsequent beats. This behavior has been observed and interpreted many times in the past."' 12 14 Our current theories concerning postextrasystolic potentiation and its decay are based on the theory elaborated in many recent studies '5 20 of recirculation of activator calcium from one beat to the next. According to this model of cellular calcium handling, the magnitude of a beat is dependent on the amount of calcium released during the excitation-contraction process. The potentiation of a postextrasystolic beat (DP1) is therefore equated to the presence of an extra "bolus" of activator calcium, which is made available by the extrasystole. A fraction of this bolus reappears in beat DP2, accounting for the potentiation also observed in this beat. When the relationship between the potentiation of DP, and DP2 was examined by varying the interval before the extrasystole, it appeared to be linear (figure 4), implying that the fraction of extra activator recirculated from DP, to DP2 is constant -a result similar to that reported in isolated rabbit papillary muscle20 and intact dog ventricle. 2 We call this the recirculation fraction.
We calculated the recirculation fraction from the slope of the linear regression equation of ADP, against ADP, for a number of reasons. Continuity of the line through the steady-state data (i.e., zero intercept) was maintained, linearity of the relationship could be confirmed, and estimates of the error of the slope could be calculated. The recirculation fraction has no dimensions; this circumvents factors that influence the absolute value of maximum dP/dt such as dyskinesia, global contractility, and asynchronicity. The 4 and our experience in abnormal hearts is that although the decay is more rapid than in normal hearts, it varies between patients. Figure 5 shows a negative association between the amount of postextrasystolic potentiation and the recirculation fraction. In other words, a more rapid decay of potentiation is associated with greater initial potentiation. In terms of our model, the implication of this is that some hearts acquire a proportionately larger bolus of activator after an extrasystole but retain less of it from beat to beat. Such behavior might be an indicator of myocardial cell dysfunction.
